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A Decisive test to confirm or rule out the existence of dark matter emulators using 

gravitational wave observations 
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We consider stable modified theories of gravity tfiat reproduce galactic rotation curves and the 
observed amount of weak lensing without dark matter. In any such model gravity waves follow a 
different geodesic from that of other massless particles. For a specific class of models which we 
call "dark matter emulators," over cosmological distances this results in an easily detectable and 
difference between the arrival times of the pulse of gravity waves from some cosmic event and those 
of photons or neutrinos. For a repeat of SN 1987a (which took place in the Large Magellanic Cloud) 
the time lag is in the range of days. For the recent gamma ray burst, GRB 070201 (which seems 
to have taken place on the edge of the Andromeda galaxy) the time lag would be in the range of 
about two years. 



PACS numbers: 98.80.Cq, 98.80.Hw, 04.62. +v 

1. Introduction 

ZwickyQ first recognized the missing mass problem in 
1933. Thirty years later the inconsistency between the 
observed rotation velocities in the disk of spiral galax- 
ies, and the predictions of Newtonian dynamics was 
demonstrated by Rubin, Ford and Thonnard[l, [3, 
And recently weak lensing showed us the need for extra 
matter d, [1,0, 8, 9, 10]. 

Dark matter has been the usual explanation for the 
failure of the Newtonian description of the observed phe- 
nomena. It assumes general relativity and posits the exis- 
tence of vast distributions of unseen matter to explain the 
observed cosmic motions and lensing. There are plenty 
of candidates for dark matter ll|: axions, WIMPs, MA- 
CHOs, sterile neutrinos, etc. But despite all the obser- 
vational effort we still have not directly detected dark 
matter. 

Another solution is modifying general relativity on cos- 
mological scales. In 1983, Milgrom[12] proposed Modi- 
fied Newtonian Dynamics (MOND) which was designed 
to explain the TuUy-Fisher relation between the luminos- 
ity of a spiral galaxy and the peak velocity in its rotation 
curve 13| . In its original form MOND was not a full met- 



ric theory and so could not answer questions about grav- 
itational lensing and cosmology. However, Bekenstein 
has recently proposed a relativistic extension of MOND 
called TeVeS (for "Tensor- Vector-Scalar" ) (H]. TeVeS 
gives a plausible amount of weak lensing and, when its 
predictions for cosmological evolution are compared with 
data th e ag reement is better than many thought possible 

H, H [13 Hill. 

TeVeS is an impressive achievement, however, it con- 
tains a number of free parameters. Nor is TeVeS the 
only modification of gravity with a claim to explain cos- 
mic motions and lensing without dark matter 



This introduces a large amount of model-dependence 
into the task of comparing general relativity -I- dark 
matter with modified gravity. The possibility for a 
model-independent test is suggested by the fact that 
both TeVeS[ii] and its rival SYTCjill ( "Scalar- Vector- 
Tensor-Gravity") have different metrics' coupling to ordi- 
nary matter and to gravity waves in the weak field limit. 
The metric coupled to matter is the one general relativ- 
ity would predict if dark matter had been present; the 
metric coupled to weak gravity waves is the one general 
relativity gives without dark matter. This feature is not 
an accident. It results from the tension between recov- 
ering solar system tests and a powerful no-go theorem 
about single-metric modifications of gravity 23|, |2j| . We 
will shortly review this theorem but let me proceed by 
defining as a dark matter emulator any modified gravity 
theory with the bi-metric feature just described. 

We propose a decisive test using gravitational wave 
observations of any cosmic event for which an optical 
or neutrino signal is also detected. Because the pulse 
of gravity waves from the event will follow a different 
geodesic from the pulse of photons or neutrinos, there will 
be a very significant time lag. The time lag for SN1987A 
is of the order of days and for GRB070201 is of the order 
of months. These lags are typical for events in the gen- 
eral vicinity of the Milky Way and Andromeda, respec- 
tively. So the detection of a single simultaneous gravity 
wave and either photon or neutrino pulse would refute 
the entire class of dark matter emulators. Conversely, 
the detection of the predicted time lag would refute the 
hypothesis of dark matter. 

There have been various proposed tests of alternative 
theories of gravity using gravitational wave observations. 
Most of these tests are in the strong field regime(See Ref 
[ist and references therein for tests of strong field gravity 
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and Ref 2^, 27 1 for other tests of gravity). This is the 
first proposed test using gravitational wave observations 
to test any modifications to gravity in the dark matter 
dominated regime, and which can be directly tested using 
data from ground based interferometers such as LIGO, 
VIRGO etc. 



2. Soussa-Woodard No-Go Theorem 

In this section, we will just state the assumptions and 
the consequences of Soussa-Woodard No-Go Theorem. 
The assumptions are as follows: 

• Gravitational force is carried by the metric, and the 
source is the usual energy momentum tensor, 
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The left hand side of the equation is not necessarily 
Einstein's tensor. It can involve higher derivatives, 
or even more complicated nonlocal functionals of 
the metric. 

• The theory of gravitation is generally covariant. 

• MOND force is realized in the weak field perturba- 
tion theory. 

• The theory of gravitation is absolutely stable. 

• Electromagnetism couples conformally to gravity. 

The theorem is that these five assumptions are incon- 
sistent with the observed amount of weak gravitational 
lensing. Therefore, any modified gravity theory which 
attempts to supersede dark matter must violate one or 
more of the five assumptions. Dark matter emulators 
violate the first assumption by having the MOND force 
mediated by some other field in the metric which couples 
to ordinary matter. On the other hand, recovering solar 
system tests predisposes the action of any such model 
to possess an Einstein-Hilbert term, and it is this which 
controls the propagation of tensor gravity waves in the 
weak field regime. 



3. A Decisive Test of Dark Matter Emulators 

The idea is very simple: Let us take a cosmic event 
that produces simultaneous pulses of gravitational waves 
and photons/neutrinos. If general relativity -I- dark mat- 
ter is correct then all massless particles follow the same 
geodesies and the pulses should arrive at the same time. 
If physics is instead described by a dark matter emulator, 
then gravity waves will follow a different geodesic from 
photons and neutrinos. Both geodesies can be worked out 
generically, assuming only that the dark matter emula- 
tor reproduces observed phenomena without dark mat- 
ter. The difference is small, but it builds up to an enor- 
mous time lag for propagation over cosmic distances. 



It is simple to see that the pulse of gravity waves must 
arrive before the photon and neutrino pulses. Gravita- 
tional waves couple to the metric which is predicted by 
general relativity using only the visible matter. Ordinary 
matter couples to a metric that may be a combination of 
the metric just alluded to and additional vector and/or 
tensor fields, but whose net effect is that of a normal met- 
ric with visible visible matter and the vastly larger halo 
of dark matter. Hence the photon and neutrino pulses 
must experience more Shapiro delay 28| than the pulse 
of gravity waves 2^, 33| . 

The first calculation of this kind was done for Super- 
nova 1987A|3iI|. It was found that the time lag is of 
the order of days which would have been easy to distin- 
guish from the optical and neutrino pulses, if sufficiently 
sensitive gravity wave detectors were operating at that 
time. A minor point but one of great significance to fu- 
ture observations is that the actual time lag reported in 
the earlir workjsij was negative. That is, we predicted 
the gravity wave pulse to arrive after the optical and 
neutrino pulses, rather than the correct result of before. 
Had the predicted speed of gravity been less than that 
of light the dark matter emulator would have already 
been ruled out by the ingenious argument of Moore and 
Nelson [32'] . The problem arose from an incorrect assump- 
tion about the parameter which gives the distance at 
which the dark matter density vanishes in the isother- 
mal halo model. Considering the Milky Way in company 
with other galaxies makes it clear that this parameter 
must be hundreds of kiloparsecs rather than the value of 
8 kpc which we had assumed [11]. 

And a similar calculation is being done for 
GRB070201i;333. This short duration Gamma Ray Burst 
(GRB) is thought to have happened on the edge of the 
Andromeda galaxy. It has been suggested that Short 
Gamma Ray Bursts arise from compact binary mergers, 
in which case a detectable pulse of gravity waves would 
have been produced Initial estimates, based on 

the isothermal halo model for dark matter profile, show 
that the time lag is at the order of two years. Taking 
account of the reported uncertainty in angular position 
(assuming an origin at the distance of Andromeda) re- 
sults in variations of about a week in the predicted time 
lag within the context of the isothermal halo model. The 
calculation for different dark matter profiles is being done 
to see how much it depends on the particular model. 

The first reason for doing the calculation for GRB 
070201 is its having the crucial property of simultane- 
ous pulses of gravitational waves and photons. The sec- 
ond reason is its source being at the edge of Andromeda 
galaxy, which is not too far to preclude a detectable grav- 
ity wave signal if the event was in fact a compact binary 
merger. But the most important reason is that searches 
were conducted with the LIGO detectors for gravitational 
wave signals within a 180 second window around the 
GRB and no gravitational waves were detected. This 
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implies that compact binary mergers up to 3 Mpc are 
excluded or this event (if located in M31) is a SGR 35, 3^ . 

Of course GRB 070201 may not have derived from a 
compact binary merger, or it may have been further than 
3 Mpc. However, it might also be that a dark matter em- 
ulator is the correct theory of gravity and that the reason 
the gravity wave pulse was not detected is that it arrived 
two years before the time interval which was searched. If 
that is the case, one should look at the old data, where 
the amount of time lag can be calculated with a reason- 
able error. The gravitational wave signal and the antenna 
patterns would be same as in GR, with no extra polar- 
ization states. The time delay of the gravitational waves 
between Hanford and Livingston LIGO detectors would 
be same as the light travel time. Hence no modifications 
to the usual data analysis techniques [11] are needed to 
do this search in these dark matter emulator models. 

There are many candidate sources for similar tests of 
modified gravity models, such as close GRBs, SGRs, su- 
pernova explosions, pulsar glitches, optical transients [s^], 
etc. The time delay between production of gravitational 
waves and electromagnetic counterparts in almost all pro- 
posed models is much smaller than an hourjssj. Due to 
the uncertainty in measuring the distance of to the cos- 
mic events, one would prefer closer objects to get more 
precise estimates for the time lag. A future project would 
be to produce a rough graph of the time lag as a function 
of position in the Milky Way- Andromeda neighborhood 
which could serve as a guide for observers as to time peri- 
ods to be searched for the gravity wave pulses associated 
with optical and/or neutrino pulses. The detection of a 
gravity wave pulse arriving at the predicted time before 
its optical or neutrino counterpart would be strong evi- 
dence against dark matter. Conversely, the observation 
of simultaneous arrival times would refute the entire class 
of dark matter emulators. 



4. Conclusion 

Although the usual explanation for cosmic motions and 
the observed amount of weak lensing is vast distributions 
of unseen matter, it is also possible that general relativ- 
ity is not the correct theory of gravity on cosmic scales. 
A powerful no-go theorem restricts any modified gravity 
theory that attempts to supplant dark matter. A certain 
class of models called dark matter emulators evade this 
theorem by possessing two metrics. The first is numer- 
ically equal to the metric that general relativity would 
produce with dark matter; this is the metric which cou- 
ples to ordinary matter. The second metric is numeri- 
cally equal to what general relativity would give without 
dark matter; this is the metric which couples to weak 
gravitational waves. 

Because gravity waves follow different geodesies from 
those of other massless particles, there will be a substan- 
tial time lag between the arrival of simultaneous pulses 



of photons or neutrinos and gravity waves. The gravity 
wave pulse will always arrive first. Explicit computa- 
tions have been done for SN 1987A and for GRB 070201, 
giving time lags of several days and about two years, re- 
spectively. 

In all triggered gravitational wave searches in 
LIGO/VIRGO so far it has been assumed that the grav- 
ity wave pulse was coincident with the corresponding 
pulses of photons and/or neutrinos [s^. If dark mat- 
ter does not exist and a dark matter emulator is right, 
this assumption completely breaks down and one should 
also look for coincidence at non-zero times. 

The gravity wave detectors won't give much directional 
inofrmation, although the waveform will tell a little about 
the type of the source It would only be after seeing many 
cases of seeing gravity wave signals, followed by a plausi- 
ble source that one would proclaim verification of a dark 
matter emulator. On the other hand, a single coincident 
signal would rule out dark matter emulators. However, 
even there it would not confirm dark matter, it would 
just mean that, if modified gravity explains dark matter, 
it must be through some other way. 

To conclude, if this effect is real, it might mean that 
general relativity is not the right theory of gravity and 
might also mean that there is no dark matter, which 
would change our understanding of cosmology. A mo- 
tivation of doing an experiment is testing viable theories 
and we think that this a very important and a doable 
test. 
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